Abstract: In spite of the importance of proton transfer in solution-phase processes, there is still no systematic theoretical study of proton solvation enthalpies. We have investigated the solvation enthalpies of the proton in seven solvents of various polarities (benzene, chloroform, acetone, methanol, ethanol, DMSO, water) using the Integral Equation Formalism Polarized Continuum Model (IEF-PCM). All computations were performed at the B3LYP and BHLYP levels of theory with aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets. Our calculations have shown that the B3LYP and BHLYP functionals provide similar solvation enthalpies. Finally, differences in the solvation enthalpy of the proton values stemming from the various basis sets do not exceed 6 kJ mol -1 , with exception of DMSO and chloroform. Distance between H + and the acceptor atom of the solvent molecule is the shortest in the case of water. It has been also found that the B3LYP distances are slightly longer.
Introduction
Reactive free radicals play dominant role in deterioration of components of biosystems and synthetic organic materials via oxidative processes. Antioxidant properties of naturally occurring, as well as synthetic, antioxidants are intensively studied both, theoretically and experimentally. The majority of theoretical studies of antioxidants action thermodynamics is focused on reaction enthalpies in gas-phase. Solution-phase enthalpies, important for real systems, are still scarce. Protective role of antioxidants can be ascribed to the three mechanisms. Single-step Hydrogen Atom Transfer (HAT) mechanism is described in eq. 1
where AoH represents an antioxidant. This fi rst step of free radicals scavenging is governed by dissociation enthalpy of corresponding bond. In the fi rst step of Single Electron Transfer -Proton Transfer (SET-PT) mechanism, electron leaves the antioxidant molecule The reaction enthalpy of the fi rst step corresponds to the proton affi nity (PA) of the Ao -anion. The reaction enthalpy of the second step, eq. 3.2, is denoted as Electron Transfer Enthalpy, ETE. It was shown that SPLET may play important role in solution phase, especially in polar solvents (Litwinienko and Ingold 2003; Staško et al. 2007; Vagánek et al. 2012) . In chelating action of polyphenols, the proton loss is crucial for the protective activity of these natural antioxidants, too (Procházková et al. 2011) . In general, proton transfer represents an important step in many processes in biological systems or processes of organic syntheses (Meyer et al. 2007 ). For complex study of reaction mechanisms in solution-phase, the knowledge of proton solvation enthalpies in various non-polar and polar solvents is essential. In spite of their importance, there is still no systematic theoretical study of proton solvation enthalpy. Therefore, main aim of this work is to compute optimal geometries for proton-solvent systems for selected non-polar and polar commonly used solvents. Computed solvation enthalpies of proton will be compared with available experimen-tal and/or theoretical values. For calculations, the DFT method using two functionals (B3LYP and BHLYP) has been employed. Because calculation results also depend on the basis set choice, computations have been performed for three basis sets (aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pvQZ) of different size. Chosen approach allows predicting the results for the complete basis set limit and thus to avoid errors attributed to basis set selection.
Computational details
All calculations were performed using Gaussian 03 program package (Frisch et al. 2003) . The geometries of each compound or ionic structure have been optimized using density functional theory with B3LYP and BHLYP functionals without any constraints. Dunning's correlation-consistent augmented basis sets -aug-cc-pVDZ, aug-cc-pVTZ and aug-cc-pVQZ (double, triple and quadruple) were employed (Dunning 1989) . From these basis sets, redundant functions have been removed and they have been rotated in order to increase the computational effi ciency (Kendall et al. 1992 ). All basis sets were augmented with diffuse functions. The optimized structures were confi rmed to be the real minima by frequency analysis. Solvent contribution to the total enthalpies was calculated employing the Integral Equation Formalism Polarized Continuum Model, IEF-PCM, method (Cancès et al. 1997) , which can be successfully applied in the description of the thermodynamic characteristics of solvation. IEF-PCM calculations were performed using default settings of Gaussian 03. We have chosen seven solvents with various polarities: benzene (C 6 H 6 ), chloroform (CHCl 3 ), acetone (CH 3 COCH 3 ), ethanol (CH 3 CH 2 OH), methanol (CH 3 OH), dimethylsulfoxide (DMSO, (CH 3 ) 2 SO) and water. The total enthalpies of the species X, H(X), at the temperature T are estimated from the expression
where E 0 is the total electronic energy, ZPE stands for zero-point energy, ΔH trans , ΔH rot and ΔH vib are the translational, rotational and vibrational contributions to the enthalpy. Finally, RT represents PV-work term and is added to convert the energy to enthalpy (Atkins 1998) . All enthalpies were calculated for 298.15 K.
Results and discussion
The calculated gas-phase enthalpy of proton, H(H + ), is taken as that for an ideal gas 5/2 RT or 6.197 kJ mol -1 (Bartmess 1994) . The H + solvation enthalpies in organic solvents determined using IEF-PCM DFT calculations are summarized in Table 1 . Data in this table have been obtained as the enthalpy change related to this process
where proton was "attached" to one molecule of solvent placed in the cavity of the same solvent. Studied systems are depicted in Fig. 1 . The only available experimental value of proton solvation enthalpy is its hydration enthalpy, Δ hydr H(H + ) = -1090 kJ mol -1 (Atkins 1998). Several B3LYP/6-311++G** solvation enthalpies were published in (Rimarčík et al. 2010 ). . This indicates that IEF-PCM method is able to provide reliable results with one explicit solvent molecule consideration. Another theoretical study investigated the thermochemistry of the proton solvation in methanol within the cluster-continuum model. Used calculation scheme involves up to nine explicit methanol molecules using the IEF-PCM at B3LYP/6-31++G** (Δ solv H(H + ) = -1084 kJ mol -1 ) and M062X/6-31- ) levels of theory (Fifen et al. 2013) . For the majority of studied solvents, differences in proton solvation enthalpies related to B3LYP and BHLYP functionals are within 5 kJ mol , with exception of CHCl 3 and DMSO. For these two solvents containing heavier chlorine or sulfur atoms, they reached 10 and 15 kJ mol -1 , respectively. Differences in proton solvation enthalpies obtained using triple zeta (aug-cc-pVTZ) and computationally more demanding quadruple zeta (aug-cc-pVQZ) basis set calculations can be considered negligible. Therefore, one could presume that results for quadruple zeta basis set are close to the infi nite basis set limit and they may be employed in the evaluation of reaction enthalpies for processes including proton transfer in solution-phase. In comparison to quadruple zeta (aug-cc-pVQZ) basis set, already the smallest used double zeta (aug-cc-pVDZ) basis set (see Table 1 ) gives proton solvation enthalpies higher only by few units of kJ mol -1 and may be considered suffi cient as the rational compromise between the accuracy of results and computational costs. For both functionals, the infl uence of the basis set size is identical and can be considered negligible. Obtained results are in good agreement with 6 available IEF-PCM-B3LYP/6-311++G** proton solvation enthalpies published in (Rimarčík et al. 2010 (Fig. 1) are compiled in Table 2 . The larger the basis set, the shorter the H + -solvent distance. For solvents with oxygen as acceptor atom, these distances are about 1.0 Å. For carbon atom in benzene and chlorine atom in CHCl 3 they reached ca 1.1 and 1.3 Å, respectively. Distance between H + and the acceptor oxygen atom of the solvent molecule is the shortest in the case of water. If one compares results provided by the two functionals, values in Table 2 show that B3LYP distances are slightly longer.
Conclusion
In this work, we present quantum chemical calculations of proton solvation enthalpies for commonly used solvents of various polarities applying IEF-PCM DFT approach. B3LYP and BHLYP functionals provide similar results. Differences in proton solvation enthalpies resulting from the aug-ccpVDZ, aug-cc-pVTZ and aug-cc-pVQZ basis sets do not exceed 6 kJ mol -1 , with exception of CHCl 3 and DMSO. Obtained proton solvation enthalpies are in accordance with previously published data. Calculated proton solvation enthalpies, Δ solv H(H + ), can be utilized in evaluation of reaction enthalpies of various proton transfer processes in solution-phase.
